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I, IJJTRODUCnOK 

Kany schmaes have be«n devlsod for cooling gas turbine 
blades* Most iavolvo circulating a coolant (air, water or fuol) 

through passages in the blades either as part of a closed circuit 
ejctomally cooled or as a ”ono -way" process whereby tho coolant die- 
ohargos into the turbine working fluid after having absorbed heat 
frccn tho blades* 

All of thoso methods, have, in addition to the funotlonol 
design probleeia, the disadvantage of addiisg losses to the powerplant 
whioh, in part, reduces the gains to be anticipated frost increased 
tttrbine inlet temperatxure* 

In M.l.T* technical Report Ko« 4 (reforenoe 14), the per** 
fomonce of a simple gss tturbino poserplont utilising cooled blades 
was analysed for a wide range of operating conditions* This analysis 
considered cnly the effect of heat loss from the working fluid to 
the oooled blades aiki did not investigate the losses which might be 
incurred in circulating the ooolont* In this study the above analysis 
is extended to include the over-oil effect e on poserplant efficiency 
and specific air oonsuaption of three types of coding systems* 

1) Forced oonvection air cooling — air is pmped through 
radial passages in the blades and dischargee into the working fluid* 

2) Transpiration air ooollng — air is forced through 
hollow porous blades and discharges into the working fluid* 

S) Liquid cooling — liquid Is olrcdated through passages 
in the blades in a dosed circuit and cooled externally* 
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II. FOSCED COSVECTIOI — AIR COOLED POWEEPLAHT 
A. Description of Systen 

T>m» basic poworplont studied in this investigation is coapoaed 
of a ccBipressor (C^)« a burner (d)« a cooled turbine (A) and an uncooled 
txirbino (b). Each turbine is coapoeed of an infinite mcnber of inflni- 
tosJraal iapulse stages of polytropic efficiency ^ . The coolant air 

ir 

is supplied by a bleed connection frcm conpressor* C^. The expansion 
ratio of turbine A varies so that the inlet temperature to turbine B 
retsaina constant at the meximua allowable blade temperature. The 
coolant (a) is coapressed in passes through a heat exchanger (E) 
and is ducted to ooolant passages leading to the buckets end nosslos. 
Appropriate portions of the coolant, tad energe from the nozsles 
and buckets, and. at atates 6e and 6d respectively, adx with the isAin 
worldLng fluid in the mixing ohember (F). The resultant mixture, now at 
state 7. expands through the uncoblod turbine B. 

The assuaption that the ooolant does not mix with the working 
fluid within the cooled turbine A can be visualized physically aa 
follows! The ooolant could be thou^t to discharge into the cooled 
turbine but to travel unmlxed along the periphery of the oasing. This 
viewpoint Bssmos that any work done by the ooolant within turbine A 
would be count erbelancod by the aorodynmic losses ^loh it causes. 
Aooording to this hypothesis, the ooolant would dlsoharge against local 
turbine pressure — which for the limiting case would be the isalot 
prossxure of turbine A. 

In this powerplant it is seen that, in addition to the heat 
loss to the blades, other losses are present such asi (1) the work 
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Input to tho coolant In th« ooapressor* (2) tho pmping work done on 
the coolant as it passes through the rotor and bladea» and (s) the 
enthalpy loss of tho main working fluid due to mixing with the coolant 
at F. Hcrweror, to sen© extent, enorgy will be recovered when the 
coolant expands through the uneooled turbine B, 

The two design parameters listed below were chosen as being 
Important to the cooling systen and its affeet on the over-all power- 
plant. Tho base value represents the value at which each was fisad 
wdiea either of tho other two paroBieters was varied. 

Design Parameter Base Value Eange Studied 

[ ^ - coolant passage effeotivenesa 0.6 0.4 - 0.8 

^oSb * coolant inlet tssepe«ture 1200®R 600®H - 15C0®R 

^ is a measure of the heat transfer froci blade to coolant 
(and, from heat transfer — friction relationships, a measure of blade 
pressure drop). )7 is defined as 



i 



f • T 
o5e o4« 



T - T 



o4o 



( 1 ) 



As shown above, ^ ta^ be written itamediately in tema of 
not si e coolant tsnperatures but the effect of centrifugal temperature 
rises must be considered (see Appendix P) in order to relate X 
bucket coolant tanporatures. Also, in Appendix F, it is shown that 
a funetion of ooolant passage ratio and, to a lesser 
extent, coolant neynald*6 number. 

^o8b temperature of the coolant air leaving the heat 

exchanger £ and may bo thought of as rspresenting tho heat absorbing 
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potontlul of th» coolant. The ooolont t«nperature in thl« analysis 
is mftintalnod indspcndent of th« outlet conditions of th« auxiliary 
ooaprassor by tlis lioat oxchon£or E. The pot?erplent is not, however, 
charged with the heat added or subtracted frosa the coolant in E. The 
base value of 12C>0* R, oorresponda to ehat would be the ovoilabla 

coolant tswperature if the coolant air rer© bled fron the top of the 
»aln cempresaor without paesing through the heat oxchsaagor. 

B. Method of Analysis — Forced Convection Air Cooled Powerplaut 
The general express ion for the effioionoy of a heat engine is 

(a) 

^in 

t 

Eeferria^j to Fig. I, the ©ffiolsacy of the forced convection 
air cooled pe^erplont stay be written as foll<y^: 

^ (5) 

whore 



and 







+ rr « 
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‘to 






(4) 



(S) 



The teta ’Fp in Eq«*itl<«i (6) is the pwaping wort: done by the 
rotor 053 the ooolMXt flowing within the rotor. 

As shown ta Appendix D, tt» offlelenoy of the stain 
wortdng fluid cycle, any bo detenained by the aothod outlined in 
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are known* repreaents 
the heat loss frcen. the working fluid to the cooled blades. AH repre- 
sents the enthalpy loss to the main working fluid caused 1:^ nijcing with 
the coolant. The analysis used to evaluate is described 

below. 
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/ppendix E presents a relation for the heat flow to a cascade 
of blades end an optimus design value for the work of an infinitesimal 
stage. These two relations can be combined as per Equation (6) below. 
To obtain average values of this ratio for the nosele or bucket rows, 
should bo intexTpretated as the average stagnation temperature 
relative to either neszles or buokets. Making use of the average 
stagnation temperatures (Equations 7 and 8) and noting, from Fig. 3a, 
that T^^ ■ * oa^>ressions for 

are determined. 
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the enthalpy lose tera, ie found by applying an energy 
balazu:# to tho adiabatic mixing at P. This derivation is carried out 
in Appendix 0 and aresults in Equation (12 )• The teras € and <f~ , 
which are defined and tabulated in Appendix G, account for temperature 
rises due to rotational work* Tho tern (see Appendix F) is an 
apparent effectiveness which includes rotational effects os well as 
heat transfer* 
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Tho above Equations (9-12) have been solved by Iteration 
for and employing the additional relation that 
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The values of ^ obtained are plotted in Fig* 5* 

m/il* the total coolent ratio required to maintain the blades 
in the oooled turbine at T^ is obtained by applying energy balances 
to the coolant flows in the buckets and nozzles (see Fig* 4a)* hnplioit 
in this analysis* is the assumption of infinite blade thermal oonduotivity 
(l*e** oooled blade temperature is everysdtere oonstant end equal to T^). 
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The coolant ratio for the noszlea la detemined fron a simple heat 
balance and the definition of effeotiveneas (B<^ation (1). 









( 15 ) 



The required oool^t ratio for the buoketa ia found by the 
aaae general technique but the detail c are oocn.pl icated by omtrifugal 
effects* The derivation is oerrlod out in Appendix E, 



(oA), 



"a 
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(U) 



p ‘'C T p 

Tho total required coolant ratio, the am of Equations (15) 

and (14), la plotted In Fig. 6 as a function of turbine inlet 

tecaperature and the cooling syatera design parcsaetera. 

The quantity is shown In Equation (5) to depend on 

^in' ^tn detemined tho r>othoda of Appendix 

2 

D. W , tho pjvuaping work. Is expressed by tho following equation 

w 

derived in Appendix H. 



p mA E^J 



(16) 



The work done hy oocspresaor C on the coolant Is a function of both 
the net stagnation pressure drop in the coolant flow path and tho 
stagnation pressure at the blade tips, sisiplicity, the 

pressure drpps in both noasles and buckets are considered to be 
similar. It is further assmed that the stagnation pressure at the 
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turbine inlet nozxle tips is lovr enough to pemlt posit ire flon fros 
tlie compressor bleed point. This reasoning peraits the uee of a 
•ingle ccnpressor bleed connection. This study assuaee that all of 
the coolant «U1 bo bled at ooeprossor discharge pressure and the 
oorreot distribution of coolant will be meintained throttling the 
pathe of lower reeietanoe. This assuaptlon furnishes e oonsenratire 
estimate of the oonpresaor work aoosmplished in the coolant cycle. 

>1^ as (Htleulated in aecordanoe with the preceding discussitm 
la plotted in Pig. 5. How, in conjunction with the values of yjj^ and 
n/i( prevloualy obtained it is possible to detemine por Equation (2). 
The powerplant efficiency, , end epociflc air oonsusiptlcm are plotted 
la Figs. 7«8. £a this investigation speoiflo air eoneuasptitm is based 
on total air flew as fell owe > 



speoiflo air oonsunption 



hp-hr ^ “ TV[) (q^I 



(16) 



C. Hesulte of Analysis «»> Forced CenTootion 

la Fig. 6, and are plotted against turbine inlet 
tscpereture for a reago of oodllng system design parsneters. Zt is 
seen that the efficiency of the main working fluid oyole, it 
primarily a function of Y^ ^ and turbine izdet temperature. This Is 
boeauoe, at constant changoe in result fraa variations in the 

nixing loss Is relatively unaffected "by ooolant inlet 

temperature since, say, inoreaelng T^^ tends to both Inoreaae coolant 
flow and increase coolant discharge temperature. Both of these effects 
work in the opposite direction and tead to be mutually oanoelling. 
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which my b* thouj^ht of ci3 & woasvre of the efflcioney 
of the coolant cycle Is, to & flret approsiaatlon, a f\inotion 
end T _ • fhia is because, at constant , chances in ^ result 
prlisarily from changes In Wg, These ciianges in V?g are the result of 
Tariations in the mixinE loss which is relatl-vely unaffected 

hy ohanges in 

The coolant ratios required at varieus tvurbine inlet tempera- 
tures are plotted in Fig, 6, As might be expected. Increasing V| and 
reducing help to siinistise the coolant ratio. The effect of 
coolant inlet temperature is especially marked. At ** 

decreasing the coolant inlet temperature fran l&OO^A to 500^ rsduoes 
the required coolant mtlo froa 71% to l8/i fer • 0,08, For 
^ • 0,C& the ooolant ratios are much less* 

In Fig, 7, the effect of turbine inlet temperature and 
coolant pas cage effect Ivcnese ou poeerplont design point perfonaanoc 
is shown, Throughoixt the rangs of turbine Inlet temperature studied, 
increasing ^ teprored thermal efficiency, and lowered specific air 
oonsumptlon. The galne arising from increasing ^ ere dae to the 
increases la ^ ^ *od decreases in m/XL idiioh result* The greatest 
gains in perfonsanee appear to lie In aliainating very low valxws of 
VI rather than in attaining war lOCSC effeotivenass* 

The effect of coolant Inlet temperature on powerplent per- 
foraanoe ia shown in Fig, 8* T^^^ is found to have little effect on 

nsxlaua efficiency, but reducing result Is much lower 

rninism specific air oonsunption and much better offioioncy at high 



* 
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turbla® Inlot tt5«ip«r6turos. Th# b«nefio<«X •ffecta of rcduclnc 
aro du® »®inly to tho dooroa«»d coolant ratios required. 

Tho results of Fie®. 7 and 8 show that tli® design point 
perforaenoe of a forotd oomrootion air cooled powerplant any be eptlaised 
by increasing blade coolant paseage effectlYeness, and redttc5jf)c coolant 
inlet tenperature* For the particular operating eonlitlons studied* 
have store pronounced effects on specific air oonsunption 
then on isaxiatuni cycle efficiency* 

If leetallurgioal corutiderations did net exist* it vould be 
possible* by Increasing the turbine inlet tenperature of a similar 
uneooled porerplant fron 1960®R to 3000*8 to increase cycle efficiency 
from SS^ to and reduce speclfio air eoneueptlon from 87 to 18 
hp-hr* (See Fig. IS). In the forced convection air cooled poeerplant* 
in which the blade temperature is limited to 10€0^« if the turbine 
inlet temperature is increased through the same range* depending on 
the values of the cooling systetn design penisoters* the cycle efficiency 
ean be increased 2*9$ to 8*^ (out of a pesslble t% gain) and the 
specifle air eonsunption ean be levered IS to 18 Ib^^^p^hr (out of a 
possible 28 lb^^p»hr reduction). From these results it is apparent 
both that (1) appreoiable net improvssrtents in performanoe can be 
realised with forced corveetioni air cooling and (2) the cooling systam 
design parosetors chosen in this analysis have a signif leant effect 
on poworplant perfonsanoo* 
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in. TRAJJSriHAi’IOH COOIXD PCTHSEPLAliT 
A. D^seriptlon of Syst«a 

Th« bfttle tnmspirtktion air eoolod povwrplant is einllar 
to that dasorlbod in I<>A. Tho difforonoa Iloe In tha xtarmtr in vhleh 
th« coolant paases through tho aados and mixos vlth tho working 
fluid. 

Ai shown in Fig. 2» tho main working auid (M) expajids 
through tho ooolod turbine mixing with tho eoolant which hto 
tx^nspirod through the cooled aadee. Appropriate portions of tho 




ro^etiyoly# enter the oooled turbine at statee 6e and 6d, and mix 
with tho main working auid. The mixture of coolant and main working 
fluid leaves the cooled turbine at state 7 and is expanded through a 
•coond unoooled turbine S« 

It is asistxaed l^t the addition of the coolant maes Iwe no 
not effect on the expansion process within turbine A. That is» the 
work done ty the codeat mass is exactly counterbalanced by the 
enthalpy loeses due to mixiaag and the aerod^nsmio losses due to 
boundary layer thickening. 

In Qsnsralf ths losses for tha transpiration oooled power* 
plant are einilar in nature to those in the foroed convection oooled 
powerplent. Twe ma;}or differcnoee exist however* (1) Ac mentioned 
above « it is assumed there is no net enthalpy lose due te mixing of 
the coolant and working fluid (i.e.» ■ <5). (2) The heat flow 

to the blades, will be materially reduced dxM to the insdatizxg 
film produced by the transpiring ooblsat. 



II 
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flue desi£;n pAranoter governing the operation of the trans- 
piration cooling aysten is listed below. Tlie parcsaoter used 
in the forced convection syatca is now dropped because the contaot 
between coolant and wall Is so great tlmt no signifioent t stupe ratiiro 
difference exists between tho etaerglxxg oodant and the blade wall. 

Design Parnate ter Base Veluo Range 

^o5b inlet tmperature 1200® R 600-16(X) 



^o3b ***• transpiration 

^steea as on the fox'ced oonveotlcn systesi. The dlseusslon in 
for also applies here. 

B. Uothod of Analysis — Transpiration 

The efficiency of the transpiration cooled poweria.*®^ aay 
be expressed by Equations S* 1# and b. Hovever* because of the 
difibrences in tho physical processes tho detexainatlon of the oon- 
poxumt terns of these equations is different frcn the stethode derel<^d 



in I-B. 

The calculation of for given values of cfadlsr 

to the method for forced convection. The details are outlined in 
Appendix D» As will be shown below* however* the term ^ 

longer be evaluated solely by the equatlona developed in II-A. 

In a txwtnspiration cooled powerplant* the coolant forms an 
insulating layer udiioh reduces tho gas-to-dade heat transfer 

oeeffioient* cd . All owing starred tenas to denote heat triuxsfer 
oonditlocs for sero transpiration mass flow* the following equaticise 



are written 



IS 



(SiA*); (oc/oj), (17) 

«iiAj^)s - 



Uo9 «Wi ^ «valuat»d froa Equations (9) 

and (10 )« (Noting that, for transpiration, dH/c •0). 

S«rroraI rasthods ar* givan in tho literature for detensinlng 
the ratio o^/oc*« (iteferences 4 and 5)m A elsplo relation is the 
"film theory" expression proposed hy Uickley (x*efezvnoe 13 )• 



O^/oc* m 






u* J.1 



(19) 



In Appendix I, Equation (19) is rewritten In tcrais of the 
noesle coolant ratio aM tho loss factor This equation implies 

equally aell for the huokets if (o^/e< )^ awl are replaced Tjy 

(^/(\r*L and (m^L» 




(20) 



The coolant ratio for the notsles is detemir«d firoa a 
slisple energy balanee applied to the coaling process (see Fig, 4b)» 

It is assuraod in this energy balance that tho ooolant leaves the blade 
wall at wall temperature* 
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?}i6 oool&nt ratio for the buckets is obtained In a ejailer 

raani»r» The energy balance Is applied at a mean blade radius such 

that the blade tangential velocity la u • Therefore, the 

absolute stagnation teeiporatures of the coolant before and after the 

—2 —2 

poro». «U .r. - T, * . 
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C (T - 7 _ 
Pg' e oSb 






( 22 ) 



) 



Fran Equations (17) tlirough (22), tlte coolant ratios and 
heat loss terns caloulated* The resultiiig ourvee of n 

end a/x are plotted in Figs. 9 and 10. 

Is detemlned by eroluatlng ^in* and Tq • ■ 

\ *nd \n are calculated as shoen in Appendix D. An expression for 
Wp, the rotor puoplng iifork is derived in Appendix IT, esstwing that the 
rate of transpiration per imit radial length is constant in the 
buoloets. 



Wii). 

. 750 -^ 
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(25) 



C. The Besults of Analysis Tranepiration Coelisg 

In Fig. 9* jj «J3d )| ^ are plotted agaixuit turbine inlet 
temperature for various eoastont valvies of the oooling systeia deeign 
paremoter* It is seen that Inoreasing coolant inlet temperature 
causes a ssnall inoroaee in the quantity This is because higher 

values of result in larger coolant fl&tm vftxich in turn increase 
the coolant insulating effect ond reduce heat loss to the blades. 
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Th 0 required eoolant ratios ore plotted in Fig. 10. As in 

the case of tho forced oonveotion cooling systeoi, inoreasing 

incrofisos the coolant ratio. The aost Important feature of these 

curres is tho low coolant ratios required for transpiration as 

ooBjpared to those required for forced oonvection. Tihen " 1200® S 

and T - « 30CO® S. the coolant ratio required for transpiration is 
oza 

less than one third of tliat required for foroed oorrreotion. 

In Fig. 11 tho effects of the design paraaetsr m 
powerplant perforaanos is shcim. As in ths esse of forced oanveotlon 
reducing coolant inlet teeiperature tends to increase efficicoey and 
lovar specific air cononaptlon. Hoeever, the transpiration coded 
poserplant is isuoh less sozMitlve to variation In than tias the 
foroed otsavectlon poverplsnt. 

IV, LICJUID COOLED PO^RPLAST 
The liquid cooled poeorplaat oonsidersd in this study is 
eooled hy a closed eater circuit. Tho vator flows throu^ loop type 
psssages in the hlsdee and is oooled externally in a heat exchanger. 

If the coolant flows through both nosslss and buckets in series* ths 
analysis of Appendix M ahems that* for a vide range of operating 
variablas* ths net coolant pressure rise in the buokete and rotors 
is suffloient to overcoEae all systess frictional pressure drops 
and no elrculating pfaap is neoessoxy. Also* since the coolant floes 
both outward snd Imeard in the rotor and huokota no set ptcaplng work 
is done by the rotor. 
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Froa tl» dlaouoslon abor*, it 1« «Ksn that tho <|uantlty ^ 
(Equation 6) i» Ror© and that V( if juat ©qual to Th© oyelo 

©ffloieacy for th© water ocoled p07r«rplaat la than oelculated 
according to the aethods of Appendix D» Hie results of these cal- 
culations are plotted in Fig* 12* 

V. SCRV2Y CP SLAVE CCOLISQ ASALYSIS 
Currently tmoh research is going into the do7olopnHmt of 
high tsnperature blade alloya ez^ methods of blade oooling* Con- 
siderable work has been devoted to the deai^i of partloular types 
of eoolant systems* but relatively little analytical viork has been 
done on the thermodynmio perfomance of cooled turbines* A 
surrey of the technical literature reveals a largo amount ef material 
en the aubjeot of blade oooling* Hovtover* most of these studies 
art concerned with the blade teaperature distribution snd blade 
Musselt number (references 6* 9, ll« 16 )« The survey will be 
disousaed within areas of develoitBent ootsaon to most of the analyses* 
A* Beet Transfer Correlations 

Outside surface heat transfer coeffleients hare been 
obtained experl*nentally by aacy investigators for static oescades of 
turbine blades* The resulting correlation equations hare been of 
the form 

Mu • A (Re)® (Prf 

I'towQver* each investigator has used a different set of fluid ootidi- 
tionm in defining nondhaensional parameters* Conse<|aently« the 
constants A, 8, and C vary with each analysis* Ainley (refertmoe 1} 



il 











®h>il 



i^ mmovO mm mm % m # «4 wl- li—i 



17 



•tated thftt frcB teat« of an •jep*rin*ntal air-cool od tta’bln* thare 
viA« tt olatar iaf«r«no« that haat tranafar ooeffioianta^ darived ttm 
cascade tsats^ eere not neoaaaarily a reliable guide to heat transfer 
on similar blades in a turbine stage* Re explained that the differ- 
ences were probably asaoeiated with differences is sain streatn 
turbulence and esecondary flews* 

Sereral theoretical heat trazuifer oorrelati^is based on 
Reynolds' analoi^ have been developed. Bvarm and ronoug^ (roferenee 
Z) extended the boundary layor iM^at transfer theory to obtain 



p 






2 



^Ith (reference 16) used a Modified fom of Rsyndlda* analogy to 
detemine the blade Susselt nuaber* The laodifleation oonsisted of 
an saplrically determined factor which varied with the ratio of 
exit to entry velooity* This factor wac only good at a Pxrynolds* 
number of about 2 x 10^ but ooisld preaixMibly be extended* Smith 
noted dlsorepenoies between experimental and theoretically ealeulated 
I^seelt numbers* attributed the disagr^oiBent to variatioine in 
blade shape rather than to erresra in the theoretieal KMlyaia* 
ITawthorae (referemmi 8) developed a sinilar oorrelatlon which was 
used in the analysis presented in this study (Appendix R)* % 

using Heyoolds' analogy# he was able to relate the heat transfer 
oocffiolent to the profile loss faotcr ^ ^ ts determined in easoade 
tests* As of this writing# there has been no good experimental 
data obtained from rotating cooled turbine blades to oorrelete the 
enalyses presented here* 
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B. Turbine Cooling Losses 

All of vhe proposed methods of blade cooling for gas turbines 
have the disadvantage of adding losses to the systems v.’hioh reduce the 
gains to be anticipated frota increased turbine inlot tempo raturee. 

The losses incurred due to cooling are ae follovst 

a) Aerodynsaic losses caused by larger tip clearances and 
flo« interfereiice in tlie regions vhere tlie coolant is disohargsd into 
the mein gas otreea. 

b) Cooling losses osussd by heat transfer frc» inorking 
fluid to coolant which results In a reducti<aa of the reheat factor 
due to progressively lower gas temperatures in the cooled turbine ss 
compered to the uncooled turbine. 

c) Sixing locses ehich resvdt in a lowering of the cooled 
turbine exhaust temperature and decrease the perfoittsnee ef either 

a heat exchanger or a second unoooled turbine as in this study. 

C . Aerodynmic Losses 

Hairthozt 2 e (reference 8} showed that the aerodynsmio losses 
were of the order of 1 or 2 percent, changing slightly with iilach 
mtabtr and type of stage. By averaging a large jxumbor of tests, 

Ainley (reference 1) concluded that the combined effoet of nossle and 
rotor cooling air quantities was to reduce stage effioloncy by less 
than 0.6 percent whan the cooling flow ratio totalled 4 percent. 

This is teen to be less than the effect predicted by Ilawthortre, but 
it is no doubt due to the low cooling flow ratio employed. 
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D« Cooling Losms 

Brom (refercQc* 2) dsvolopod «n anadyait to d«torstina the 
effaot of cooling on turbina cfflolanoy and rahaat fact ora* Ha darivod 
a cooling loas factor 



AB 



. (T - T ^ 

.0,5 2.6 '' O Sr 



d ”U- 

vfhera A -yraa a function of the gaa propartlea* B a function of blade 
properties, and C a constant* This loss factor was then used to 
obtain the orer-all turbine efficiency* 



1 + # 



E-1 

1 - (r)"^ 



This expression is identical with that deteminad by Hawthorne and 
used in this study (Appendix D)* The Tariation arises in the derive* 
tion of t or Q/w aa used in this analysis* Brown*s loas factor does 
not account for the deoraasa In relative stagnation temperature 
resulting frm blade rotation while O/t^ doee (Equati<»i 10)* Howovor, 
the lose factor i does bring out the fundamental relation between 
cooling loss snd the variables which detenaine turbine blade design 
(i*e*, variables in the quantities A and B)* Therefore, i does tend 
to Indicate the way to optlmua design* liawthorne’s factor Q/w 
(Equations 9 snd 10) doss not aooompllsh this purpose since the vari* 
ablee which detemine blade design are hidden in the CEapirloal loas 
factor ^ ^ (Appendix E)* I’sgar and Elmer (reference 7) produced a 
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series of cherts which remitted the graphioel eraluetioa of cooled 
turbine porforR*nce. They essme that (Ul of the hoet rejection 
occurs at turbine inlet temperature vhilo this atuc^ assxanes a mean 
tenperature between tvurbine inlet and exhaust for calculating heat 
rejection rates* Heat rejection rates ealoulated by Hawthorne and 
ty Srown show surprisingly good agreenont while those of Eeger end 
Zelner are trma one~third to one«}mlf those oalctdated by references 
S end 14* 

E* Mixing Loesea 

The mixing Iocs is represented by hUl/^ (Appendix F) in this 
study* This loss was not osloulated or included In any other anelyals 
oorored by this survey* However, several of the ai^yses (referonoes 
2, 7, 15) indiosted the zuMd for inolisdiag suoh locses* The 
assumptloas used in deriving (see Section Il-A) were Identiesl 
with those suggested the KACA (referenoei 7, 15) for celeulatlon 
of the nixing loseee* (See esaumption D below* ) 

F. Assumptions 

In order te obtain simplified anslyaes each inveBtlgator 
was ret^ired to malce auusy assmptions* The majcnr assrciptione am 
listed here for purposes of ccmparison with this study* 

*) The gas tstaporaturo prefile wee essiwed to be unifom* 
(Keferenoes 2, 15) 

b) Blade geonetry, and inside and outsids heat transfer 
coefficients were essunied constant mer the spen of the blade* 
(Hsferenoes 2, IS) 
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c) Radiation and conduction effect* »#re neglected. 
(Hafereneea 2, 15) 

d) The ooolaxxt wa* not coaoidcred to be part of the working 
fluid after It r&a discharged into the cooled turbine. The coolant 
nixed with the aaln working fluid at the exhaust condition fron the 
cooled turbine. (Referenoes 7, 15) 

#) The entile relooity head of the codling air wbo lost or 
counterbalanced by the aerodynsnio loeses imposed in the oooled turbine. 
(References 7, 15) 

VI, CO?;CLU5IOKS 

1. The results of this Inrestlgation show that appreciable 
net iaproreBonts in gas turbine perfomanee can be attained by the 
oonpanien proceases of increasing turbine inlet temperature and blade 
cooling, 

2, Liquid cooled turbines are capable of lower specif lo 
air consumptlo:i than air oooled turbines. 

5* Transpiration air cooling results in lot?sr specific air 
oonsvnption and less sensitivity to cooling system design naramoters 
than does forced conrection cooling, 

4. Kor both types of air soolod powerplants, decreasing 
ooolont inlot temperature and reducing coolant discharge pressure 
improved powerplant perfomanee. For the forced convection system* 
blade ii^emal gserastry (i«e,* coolant passage effective ness) has 
signlfioant effects on performance. 
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5. The hied* loss fector has a noticeable effect on 
plant perforciimce. Decreasing increases efficiency, decreases 
specific air oonsxnptioa, end increases the ssaxisw ixilet teeperature 
at vfhloh peak offioioncy oecure, 

6* Lots specific air eonsviaptian indicates higher speoifio 
output for smaller plants. ?or this reason, transpiration cooled gas 
turbines would tend to be more desirable than oonTectioa cooled 
turbines for aircraft applications. 

7. High efficiencies indicate better specific fuel ocm- 
svBption. Because of this and an abundance of water, the liquid 
cooled gas turbine will be acre attractire for aarine ina tall at ions. 

8. the assunptions, used in this enalysis and in tlie 
analyses discussed in Section V, yield results which are adequate for 
coaparative purposes* This study shows good agreeaent with reference 2f 
howorer. It is at variance with work done by the HACA (rofereaeo 7 ), 
Sxperiaental data to prove or disprove these analyses if not available 
at the present tlae. 
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FIG. 5 -VARIATION IN AND WITH TURBINE INLET 

TEMPERATURE AND SYSTEM DESIGN PARAMETERS 
FOR FORCED CONVECTION AIR COOLED POWER 
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AP?EUDU B 



TABLE OP HCKTiKCLATURE 



1 » Symbola 



z 

\ " * tobAl traaispirfttion ere» for blade*, ft 

Cp - speoifio he*t *t constant prosstire, 

C • avorac* for cooled turbine « .283, btu/lb 

a ^ ^ 

C » areras* for aixine proc*** • .277, btti/lb - k 

Pg « 

C • arorago for coolant In blades • .264, btu/lb 
43 

Da S * equivalent dianetor of blade coolant passages, ft 



f 

C 



2 2 g^ ^ ^^ictlon factor 



aji 



a ^ or « coolant flow: per unit area, lb^/ft*»*eo 

•m 

a 



-7— or X* *■ ooolaat flo* per unit area, lb /ft -sec 
\ *t * 



* iapulse blade factor (defined in reference 18 ) 

ICj^ 2 S^S - turbine emstant, Ib^j^/ft^-seo 
^ - thermal ocmductlTlty’, btu/a©o-»ft»®fi 

t - blade length, ft 

If - naln working fluid mass flow, lb ^see 
n •• mjj ♦ Bg - total coolant mass flow, ll^soo 
P “ perissoter of coolant passages, ft 

. P - pressure, Ibf/ft^ 
r - power, ft»lbf/sec 

1 f^ - power output of turbine B, ft»lbf/eoo 
Q - heat flow, btu/seo 

Q - heat flow per unit mass to infinitesimal blade row, btuAh_ 

m 






_ *< t ^ vwJ# i»l 




♦ - • *w*» » »* 
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rt^ 


mjiaUmWt 


MMflM *• 


4%^fyi«l »fc^. . »«^r« ^ 1 


^mhm *i 


X 






** ^ 
f§i mi imfu^ «o*a^ Mjk^iW > |* 

^<4V««B\caf «#fT»=*A-i« teiMf ^ 4. 



r» ,Ji^ «tat4 • k 

,a»n mmmm >o»fw «a^ . # 

v^n 9 mm x«4«^ ■• ^ • ^ • «• 
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* h««it loss to blsdos per unit nass of if, btu/lb^ 
^in " pov^erplant heat iaput per unit mesa of K, btu/lb^ 



n 



li. - reheat factor for Turbine A 
A 

Rg - reheat factor for Turbine B 



Qga 

^o8 



- total poirtir plant prosauro ratio 



r . exp&nelon ratio turbine A 

* ^oia 



P 



‘B 



o4a 

o8 



- espanaion ratio turbine B 



t: - turbine wheel blade root radius, ft 

n 

- turbine wheel blade tip radlua, ft 

2 

S “ " ^S)jj » total eroaecctiosal flow area for blades, ft 

- blade wall temperature, ®R 

u • turbine wheel tip valoeity, ft/seo 
12 5 • «ean blitde wlooityg ft/tmc 

«• tangential welooity, ft/eeo 
velocity relative to rotor coolant passages, ft/ssc 
W - saxtetta work for infinitesimal sta{^, btu/ib^ 

" JiF * output turbine A, btu/ib^ 

b) ’ " ' “ output turbine B, btu/lb^^ 
lj.Bg • work iryput main compressor, btuy^l^ 
net net powerplant work output, btuA^ 



p - density, lb /ft® 

21 

- powerplant cycle effieicnoy 
Cj^ - main ompressor effioloacy 

» loss factor (defined in reference 18) 
Y m torque, Ibf-ft 
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;«t tti 



I 



m • ungtilar relooity, rad/seo 
2* Subscript* 

o - r«f«r* to totol •ts-gnatlon «onditi>s)» 

9 * refers to relstire stsg^tleaa oonditions 

8 - refers to osnatsnt «ntr<^ pron#s# 

U • refer* to no**lea 
B «« refer® to blade* 

• •> denotes sero tran8piratl<Ma a**s floe 

lft«4* - refers to state* of neSn vorklxi£ fluid 
lb»Sb *• refsra to states ef total coolant 

4d«>6d - refers to states of buafeet eoolant 

4*«<o - refers to states ef x;oftsle ooclant 

d « refers to states ef total Mixture 
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APIDNDIX C 

TABLE OF PCr^-EnrLATIT COSSTAFTS 

- Tturblne polytropio efficiency 

- Sialn ooapresaor efficiency 

- jluxUiary coEjpreeaor efficiency 

- Total pressure ratio 

- Turbine blade tip epeed 

- Inlet teaperaturo of tiirbliao B 

- Maxiauia allorable blade teoperaturo 

* Main ocsipreaaor Inlet pressure 
« Poworplant exhaust pressure 

• Uain conpreasor inlet temperature 

- Loss factor 

•> Mpulse blade factor 

- Ratio of turbine blade root to tip radius 

- Turbine flow ocnstaat • H/S 



.88 

.85 

.85 

15 

1000 fb/seo 
1960®R 
1960®R 
2118 psf 
2118 pef 
G20®B 
0.08-0.08 
4.0 
0.7 

600 lb yft^-sec 
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k(uneoole<S turbiao) • 1*35 
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a«y b* determined independently lay reference to 

rig. 5. 

e) For e forced oonveotion cooling eyeteoi 



W - "* ^o7 

A 1 V 

b) For * trenapiretioR eir cooling eyetem or liquid 
cooling 



(7-d) 
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How* haring <wice detenalned “id poeslblo 

to caloulate by "trial and exror" from Equatione (5-^)* (7»d) 

(or (8-d) and the Gac Tablet (reforenoe 10)* Since • *‘Aa* 
at thia point* be eraluated frcta Equatione (6»d) and (4*d)* A eaeiple 
ealoulation employing thia xasthod la given In reference 18« 







a 






I 






I 2 



Is- 






kkc* 



rl 






•a «•!>« 



*ti1 I# 






52 



APFSSDIX E 

iisiavATioig oe squat i ok (6) 

i!««ithon)o (O) «ugg;«sts the following ai^roxis&te leuilyfia for 
detwxaiinlng the heat transfer per lb of fluid flowing across a turbine 
blade row. 

The Re^'solds* analog/ relating mementtm tranafer asod heat 
transfer is 



An energ/ balance for an elwsont of length dx along the blade surface 
in the direction of flew is 



Substituting Equation (Ih») into Equation {2*e) and Integrating between 
pelats I and 2 at inlet and outlet of the tlade passage results in 




(l-c) 



dq - P(T « T Jdx - S G C dT 
mo p o 



(2-e) 




2 



'2 





(4«e) 



Then since the heat transferred per lb of fluid is 




(6-e) 



Equation (S-e) with Equations (4-e) and (6-e) beocDO 




1 ) 



(S-e) 
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The moxiaun work per stage of infinite staged turbine or be&t 
effiolenoy of a sltigle ctage turbine is obtained when the magnitude of 
the tern 












(7-0 ) 



is approximately • 4 for iatnilao blafllng and ■ 2 for reaction 
blading (referenoe 14)« Actual Yaluee will be slightly less than these* 
then dividing Equation (d-e) by Squatien (7-e)t an espressioa 
for Q/k for a cascade of trades can be written as 



C„(T - T ) 

P *2 * 

T 



1/2 

(e^ .1) 






(8-e) 



whieh is Equation (6)* 

Initial calculations for this study were made with a loss 
coeffioient in the range O.OS < ^ <0.08* Because of the varying 
opinions as to the correct value of and beeause of it a pronounoed 
effeet on ooolcd turbine perforeanoe, the range was extended to include 
0*0S ^ ^ 0*08* ]% ia believed that this range will adeqiiately bracket 

tha actual valua of ^ for any {rtirticular blade design* It idll slso 
bring the data inte olosar agreement with more recent work oaapletod 
on profile loss factors as mantioaed balow. 

A discussion on the determination of is presented here 
in order to show soaio of tho reasoning behind the varianeo of opinion 
and to verify* if posaible* the use of a loss coeffioient in the range 
0,02 0*08. 
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For low M«,ch msabor «nd for the ce.se in which (P/S) does 
not very elong the flow path, Hewthomo (roforenoo 8) shows that 

los« factor. This isonld correspond to the case 
of impulse bladlnG. For reaction blading and nozsles having decreasing 
area in the direst ion of gas flow and for values of )£aoh ember greater 
than sero* beccnes less than 

Hawthorne (reference 8) ootabined the following equation for 
the heat transfer ooeffielent frm gas to blade 

Ku - O.U (Be)®*®® (Pr)^/® (9-e) 

with the beat balance equation for a blade passage 

OCB (T^ - T^) dj£ - ApV C dT (IC-e) 

wo I p e 

and Reynolds* analogy to obtain 

f/2 

(e*^ - 1) • O.U (He)**®^(Pr)*’*®'^)' (ll-e) 

where 

yC m B, m heat transfer tm^Aeo 
A orc«V’ Boe^^ ama 

EquatioQ (ll-e) yields •• 0.(^6 - 0.084 for Beynolds* 

number of 6 x 10® > Be > 2 x 10^ whore varies from 6 <. <. 10 

for most blade shapea. 

Subsequent to nawth«me*s analyeis* Van Le (referenoe 18} 
completed a study of loss eoeffioients 2* S/c), 

Pata taken free charts in reference 18 show the following trends t 

a) p decreases as S/j Inoroase* 

b) ^ izunreases as 8 ai3d 1 increase. 

if 
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c) ^ for roaotion blades in loss than ^ for inpul 



P 

blades. 



no 



d) ?or noraal \'eriationo In turning; ongpLe P, decroc of 

reaction, pitch chord ratio, s/c. Incidence 

angle 1, and blade Reynolds* number. Re, the profile 

loss cooffioiont liras found to vary within the lisita 

O.CR <_f <0.14. 

ip 

lhase values of ^ would mten to agree fairly well with Hawthorne’s 

P 

analysis that ^ partioulekrly at the hi^r values of Reynolds’ 

number • 

Smith and Pearson (referenoe 17) define a heat extraction 
coeffiolent, for a turbine stage 



J . ah u** 



as-.) 



By ooaparlson with Equation (8 «q) for a oosoade of blades, where «• 4 
for impulse blades, the followiBg relation can be established 



f - (e^ - 1 ) • ^2 



(l!5-e) 



Referenoe 17 includes plots of ^ versus flow eoefficient which show 
that ^ varies between 0.01 ^ C.C8. These values show good 

agresKieat with Hawthorne’s values for ^/2 between 0.012< foA <L 0.042. 

rhibbart of HACA (referenoe 9) and Brown (referenoe 2) suggest 



tlM use of 

Ku • .C890 (Re)*® 

instead of Equation (9*»e). Pse of this equation results in values 

of ^ which are about ton percent less than those detemlned by Hawthorne. 
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AP?E!n)IX F 



ANALYSIS OF COOL,m FLO?-' IM UOTOil AKD BLADES 



FORGFO COmrj'.CTIOS AIR COOLED po"t:eplakt 



1* Analysis of bucket cooltuit flow 

a. General >- flow in rotating ooolant passages with heat 

transfer 

Consider a stationary annular centred volme inclosing the 
rotor fren r to r ♦ dr (see Fig« F-l). Applying the steady flow 
energy equation to the ooolant within the control Tolvaie 



Frosi the theorea of raoisent of raonentum (assuming slip factor 

• 1 , 0 ). 



Therefore 



At any radius r the relative (to ooolant passage wall ) 
stagnation temperature and total stagnation temperature msy be wrlttant 





(1-f) 
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Therefor* 



6> 



“V ■ 



rdr 



Equation (1-f) can no* also ho written in tcrsis of rolatlT* 
temperature* 



m«C dT • dQ ♦ rdr 

B p or g^J 



(2-f) 



b. Flow in rotor (sni » 4-d) 

Assuming adiabatic flow in the rotor. Equations (l»f ) and 
(2«f) are integrated to chow 



or4d o2b 8 

p ^0 T 


(J5-f) 


,2 r. 2 

*o4d ^oSb Vy' 


(4»f ) 


c* Flow in bucket* (4»d - 5-d) 




Integrating (2«f) from (4-d) to (&-d) 
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Defining an apparent effectiveness for tho bucket coolant passage* a*( 
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: f I'fl - T (->) --7^ fl - (V1) 

pI w oSh 2 Cpjg VyU S -*/ 

d. Halation of to coolant flow conditions 

Combining Newton* • law of cooling with Equation (2-f ) 



(6-f) 



di p.(T. - T„,)dr . .^C T - -B rdp 



equation is integrated to yield 



T - T _ h 

w or5d „ . op 



T - T 



or4d 



where 



(v-f) 



Aaaiuaing OcP^/a^C and do not wary with r the above 



(»-f) 



_ ( rdr 

= rjT ) 

p o y 



f" 



or 



^ is later integrated os aiming a linear variation of 
with radiua, however, for the moment, ccraparing (8-f ) with (6»f ) it 
ia seen that 

.(JL- ^ 

'G C ' 

- 1 - e • P (9-f) 



Neglecting the effect of free convection on the heat transfer 
process within tha blade ooolesnt passage, the Stanton nunber is 
e3q>res6ed by the «&pirioal pipe flow equation (reference 15). 

#x/ G Pe ■•♦2 C^n *.87 

^ - .085 (-f-) (-I-) 
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The sane referents* relates the friction factor to the 
Reynolds* natsber (for 60CO < G^Ds/^i 200,000) as follows* 

e^De -.2 
f - .0*6 (-^) 

r 



(ll-f) 



Assuming that C u/^ ^ .69, Kqiiatlons (9-f), (IC-f), and (ll-f) 
v 



result in 



>1 » « 1 - ^ ^ 



(12-f) 



2. Analysis of noKsle coolant flow 

the equations eorresponding to (1-f) through (12-f) ean 
readily be attained for tlie flow through tl» non-rotating nossle 
coolant passages hy equating to ■ C. The pertinent results are listed 
below. 
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S. Evaluation of 

The nozxlos and buckets in this poworplsnt srs sssuawd to 
havs Identical coolant passage construction. The ooolsnt flove for 
noKxles and buckets will oertainly be of at leaet the smo order of 
magnitude. Therefore, It is assumed that the tern, f f/se, is very 
nearly the setae for both. Conparing Equations (12-f) and (IB-f) 
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Kow, returning to the definition of (Section I ), end 



perforaing the integretion, eesuKlng that i« linear with r 



P * fc(F fla A - 1) 



(17«f) 
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The combination of iquations (16->f) and (l7»f ^ deteminee 
in tema eortain powerplant operating oonatanta. 

In Fig. F«2» la plotted againat Y| ^ for tlw three valuoa of 

uaed in thic inreatigatlon. Tho relues caleulationa 

are tabulated below. 



1 £ 


1 *. 


T 

‘oSb 


• 4 S 8 


.4 


1200 ®H 


.680 


.6 


1200®a 


.820 


.3 


12 C 0 ®R 


.617 


.6 


500 °R 


.660 


.6 


i 6 oo®a 



mmm a» mi 

1 1 «> i ^ 






{y^ri) iM ( wu 



• •tM MMJ# «ll» ^ |V 9mtt^g0 ►• 


•<* ,f Ji* •• 


«akl al kia»» *< 


%IM fii 

.««W 


JtM 


■ii 


«*lMi •-. 




A%il A. 




\- 

1 

r 








rt*-«y| Ih 


•Av 





Pigo F-2 



Plot of 




» Ve. 




I) 



41 



A^-^HDIX Q 

a1VATI0<{ CF i. T%hG5VSt. FOR • HTFALFY L0K3 
DVI- TC mXlNO I?l FOiC£D CO«V~r.CTlOS 

AXR COeU.D POT1.HPLAST 



Assiming ftdlabatio mixing of eoolant and working fluid* 
and naglaotiag variation In speeific heat* the steady flew energy 
equation applied to the mixing ohaeaber* F is written as follows* 

V 06 . * "B’ctd * ”o4. 1.7 

But, by definition* AH ■ * ^ 07 ^ 



u-g; 



and also 



’o7-V * 06 . • W *.6d * 



'SI 

A A 



^ - * 06 .) * («/«^(*, - *oM>] 



The above equation is further modified by intro<iucing the 
expressions for the eoolant ratios and the definiticois of ^ and 
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APt^KDEC H 

j.aiYATIOX CP i-'^UATlGW FGR ROTOR P«PIHO ^ORK 
1. G«twr*l eneilyeig — varyln^ coolant flow in rotating 

p«««ae»« 

Considor stationary annular control voltxae which Inolotet 
rotor batwoan r and r ♦ dr (ooe Fig, F-1), ror this dariration only« 
tha following definitions exist 

n s aasa flow within coolant pas sagas at radius r 

5 nass laawicg coolant passages between r and r dr 
(i,a,» due to transpiration). 

From the theorem of moment of mcmantw 

Ket external torque • net efflux of angpl ar memantum from 

the control surface. 



ir . S (r ♦ £- (n . (|H) ar)(r * dr)* 

n 6 Ej, or 

(1-h) 

From tha continuity equation 

Combining the two above equations* end neglecting terse containing 
(dr)® results in 
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(5-h) 



2, Forced conveotion ooollngt n • m^ ■ constant 
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1 1 . 2 e . 21 “ . «L 

p RgJ 

Z 



p kJ m/sr 



(4-h) 



5* traxrspiraitioa cooling 



0 < r < Tv 



n-Hj, 



r - Th 

< r < rj » - «g(l - > 



(U 



‘T *h 

Integrating Equation {Ml), using thli variation in n results in 

L ■ - “'A J ■‘i S J 
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(1) Assuming that n varies linearly with r within the blades 
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AP t J 

!>^{IVATIOP CF ii.lATl'4? (17) 

’Equation (/7 (film theory ) oxoretsas tlte of feet of mass 
trauafar on the heat transfer ooeffloleat at 

O4.C (”^“p ) 

-i) 



In referenoe 14» the heat transfer to a cascade of blades 
(no mass transfer present) is es^ressed 



f V2 

* - M Cp(T^ • T^)(e ® -1) 



(l-d) 



Newton's law of cooling relates the heat transfer to the 
temperature difference 



MQj* A^(T^ - T^) 

From Equations (l-»j) and (2-J) 
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Reting that for the nossles* 99y 
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? */2 

(»/«)/(• ® - 1 ) 




(4-j) 



liquation (4-^) oo»jld haTe equally vail baan •written for tha 
haat tranifar to the bucket a* 
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AF4.HDIX K 

AKALYSin 0? rilLR COOLLD PCT^KPLAIiT 

The efficiency of a cooled pewerplant Is, as seen froa 
Equation (s), exactly equal to if tho quantity ie eoro. 

For the water cooled powerplant studied* since the coolant does net 
»ix with the working fluid i 



p C, 



(water cooled) ■ - — — ^ 



(1-k) 



in 



The tera T7 « rotor puoplag work, la sero since the coolant 
P 

flows both inward and outward in the rotor. Therefore, in order that 
be sero, , the work required to oircidate the coolant laust also 
be sero. This condition ie fulfilled If the not centrifugal pressure 
rise of the ooolent as it passes through the rotor end blades is equal 
to or greater than the net pressure loss in the remainder of the 



circuit. It is assumed that any excess pressure rise will be dis* 
•ipated in throttling rather than converted into useful work. 

The net pressure rise caused by the oentrifhgal field and 
deneity change is obtained by assuaing the outward flowing coolant Is 
all at density ^ and the inward flow coolant at densl'ty ^ Z* 

(See F-1), Suooesslve application of Bernoulli's equation yields t 

2 mm Z 

tt rlo« 2 • (2-k) 

The total frictional pressure loss in the coolant circuit 
is approximated by nultiplylng the nossle pressure drop by six. 

(Since the nostlss, buckets, rotor, stator, heat exohauager and coolant 
lines nay be thought to cause approximately equal pressure losses). 
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2 P6^ 

From ceaMnation of Equaticus (2»k) and (S-k^ it is s««a 



(2-k) 



that W it taro if 
^8 



2* f «/!)•) K-^ (fflA)« 

B m <1 



P u2[l . 

Tha coolant ratio raquirad for tha noszlas is obtained by 
applying a heat balance to the noezlo eoolant passages* 

p sf Z' \xi 

where 



(4-k) 



(6-k) 



n - 



(6-k) 



Tha term f t/Oe is obtained by an analysis slnilar to that 
carried out in Appendix F. 

(7-k) 

where la a ratio of Prandtl nmbers* 



f //Oe - ^ #a 



-.07 







T ♦ T C 
5 ^2 



^ k ^ 



-.67 



at T • 



7 7 

5 ^8 



at 7 - 510® 8 



(.25) 



In order to prevent boiling in the coolant systsra* it ie 
neoessary to liait the tanparature rise in the blades and hence the 
effect iveness. Assizaing equal tamperatiure rises in nosxles and buokets 
the saxiaua effectiveness as United by T ia 
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xt 



T - T 
2 'T - X, ^ 



(8-k) 



max ^ w 1 
In Fig* K-Z» the above relation ia plottod for the case 
vrhere Tj is limited to the boiling point of water at R.tmoephcrio 
pressure (T^ • 670*H)* Larger values of Tg could, of oourso, be 
obtained if the system were pressurized* 

B, the ratio of friotiorjd pressure drop te centrifugal 
pressure rise is platted in Fig. for two ralues of coolant inlet 



temperature, f^* In this plot !• assumed equal to )| 



3Cl. 



as 



per K<>2* It ie seen that throughout the range of turbine inlet 

temperatures investigated, C is considerably less than unil^* ik>noe, 

the required pumping work, 1?^ , is zero and is just equal to y* 
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